Neisseria meningitidis has several strategies to evade complementmediated killing, and these contribute to its ability to cause septicaemic disease and meningitis. However, the meningococcus is primarily an obligate commensal of the human nasopharynx, and it is unclear why the bacterium has evolved exquisite mechanisms to avoid host immunity. Here we demonstrate that mechanisms of meningococcal immune evasion and resistance against complement increase in response to an increase in ambient temperature. We have identified three independent RNA thermosensors located in the 59 untranslated regions of genes necessary for capsule biosynthesis, the expression of factor H binding protein, and sialylation of lipopolysaccharide, which are essential for meningococcal resistance against immune killing 1, 2 . Therefore increased temperature (which occurs during inflammation) acts as a 'danger signal' for the meningococcus, enhancing its defence against human immune killing. Infection with viral pathogens, such as influenza, leads to inflammation in the nasopharynx with an increased temperature and recruitment of immune effectors 3, 4 . Thermoregulation of immune defence could offer an adaptive advantage to the meningococcus during co-infection with other pathogens, and promote the emergence of virulence in an otherwise commensal bacterium.
Neisseria meningitidis is an obligate human pathogen and important cause of sepsis and meningitis 5 , with peaks of disease often preceded by influenza outbreaks in temperate climates 6 . The bacterium has evolved exquisite mechanisms to evade immune responses 7 , including expression of a polysaccharide capsule (containing sialic acid in serogroup B, C, Y and W strains) 8, 9 , sialylation of lipopolysaccharide, and recruitment of the human complement regulator factor H, via high-affinity interactions with bacterial factor H binding protein 1, 2 . The reasons why such mechanisms have evolved in an otherwise commensal bacterium is uncertain as systemic infection represents an evolutionary dead end.
Previously we found that resistance of the meningococcus against complement-mediated killing is enhanced after insertion of the mobile element IS1301 into the 134-base-pair (bp) intergenic region (IGR) between the css (encoding capsule biosynthesis) and ctr (capsule export) operons in the capsule biosynthesis locus (cps) 10, 11 . To identify other changes modulating serum resistance, we subjected the N. meningitidis strain S3 (ref. 11) to serial passage in 6% human serum; within six rounds, S3 became as resistant to complement-mediated killing as a strain with IS1301 in the IGR ( Supplementary Fig. 1 ). We further characterized six passaged strains (selected serum resistant, SSR1-6) that were more resistant to complement than S3 ( Fig. 1a ). Resistance did not result from insertion of IS1301; instead five strains (all except SSR2) had lost a single copy of a duplicated 8-nucleotide sequence (TATACTTA) located 15 nucleotides upstream of the CssA start codon in the 59 untranslated region (59 UTR) of css messenger RNA (Fig. 1b, c and Supplementary  Fig. 2 ) and have increased levels of CssA, which catalyses an early step in capsule biosynthesis 12 . Comparison of S3 with SSR, and isogenic strains (both containing an antibiotic-resistance cassette downstream of the css operon) with one (D8) or two (wild-type) copies of the 8-bp sequence demonstrates that loss of 8 bp causes increased CssA levels and capsule expression ( Fig. 1d, e ). The increased serum resistance of SSR2 resulted from reduced levels of PorA (Fig. 1b ), a target of bactericidal antibodies 13 .
To define how the 8-bp sequence contributes to capsule expression, we performed DNA foot-printing of the IGR with integration host factor (IHF) and factor for inversion stimulation (FIS). Despite potential recognition sites for these proteins 10, 14 , there was no difference in IHF or FIS binding to the wild-type and D8 IGRs ( Supplementary Fig. 3 ). Analysis of translational reporters in the N. meningitidis cps demonstrated that loss of 8 bp leads to a marked increase in reporter activity of Css but not Ctr ( Supplementary Figs 4 and 5 ), demonstrating that D8 influences the capsule biosynthesis operon. Furthermore, significantly increased Css reporter activity with the D8 IGR was evident in 38 transcription factor mutants (Supplementary Table 1 and Supplementary Fig. 5 ), and northern blot analysis demonstrates that css mRNA levels are unaffected by the number of copies of the 8 bp ( Fig. 1f ). Therefore, the 8-bp sequence affects CssA post-transcriptionally.
We noticed that the css 59 UTR is predicted to form a stem-loop structure that includes the ribosome-binding site (RBS) ( Fig. 2a ), consistent with an RNA thermosensor 15 . In RNA thermosensors, the transcript assumes a hairpin structure at lower temperatures that occludes the RBS, and stalls protein translation; higher temperatures destabilize the secondary structure which allows translation. The D8 mRNA, on the other hand, is predicted to form a limited stem-loop with a singlestranded region by the RBS (Fig. 2a ). Consistent with a thermosensor, CssA levels increase in N. meningitidis grown at increasing temperatures ( Fig. 2b ). By contrast, loss of 8 bp leads to increased CssA levels at lower temperatures and less pronounced increase at higher temperatures, suggesting that this change disrupts the thermosensor and dysregulates capsule biosynthesis.
RNA thermosensors should function in a heterologous host. Similar to N. meningitidis, thermal regulation of CssA was evident in Escherichia coli containing CssA and the wild-type IGR on a plasmid; CssA expression was dysregulated with the D8 IGR ( Fig. 2c ). Additionally, in vitro transcription/translation assays demonstrated that CssA synthesis increased with an increase in temperature and on loss of one copy of the 8-bp sequence ( Fig. 2d ) in the absence of any transcription factor. Furthermore, we introduced nucleotide changes into the 59 UTR predicted to alter the stability of the thermosensor, including substitutions at the same position (192 U/C or 192 U/G ; Fig. 2a ) expected to have opposing effects. Expression of CssA from plasmids containing these changes was consistent with a thermosensor in the 59 UTR ( Fig. 2e ). We also performed RNA toe-printing at 30 uC, 37 uC and 42 uC to assess binding of ribosomes to the nascent css transcript. The results demonstrate that ribosome binding is enhanced to mRNA from the D8 compared to the wild-type 59 UTR, with differences most marked at 30 uC (Supplementary Fig. 6 ). Finally we found that thermoregulation of CssA is evident in strains of different capsular serogroups and hypervirulent lineages ( Fig. 2f ). Together, these results confirm the presence of an RNA thermosensor controlling the capsule biosynthesis operon in N. meningitidis across a range of strains.
Previous reports of RNA thermosensors in pathogens are restricted to facultative organisms and govern transcription factors that mediate transition of bacteria from external to internal environments [15] [16] [17] [18] . As the meningococcus is an obligate commensal residing in the nasopharynx, we compared the dynamic response of the canonical PrfA Listeria thermosensor with the meningococcal Css thermosensor (which directs a single pathway). The prfA and css 59 UTRs and their promoters were fused to green fluorescent protein (GFP) in the plasmid pEGFP-N2, and in vitro transcription/translation was performed at different temperatures ( Fig. 3a ). Protein synthesis regulated by the prfA thermosensor was barely detected up to 36 uC, but markedly increased at higher temperatures. In contrast to this on/off switching, the css thermosensor displayed a gradual increase over physiologically relevant temperatures (acting like a rheostat). The difference can be explained by the relatively high GC content and distribution of GC bonds flanking the RBS in the prfA 59 UTR (Fig. 3b ); in the bacteria, the Listeria thermosensor mediates changes over a marked temperature shift as the bacterium migrates from the external environment into its host, whereas N. meningitidis is in virtual constant contact with its host and therefore less exposed to wide temperature fluctuations.
Next we determined the prevalence of IGR polymorphisms in 265 meningococcal disease isolates. The wild-type sequence (two copies of the 8-nucleotide sequence) was most frequently found (201 of 265, 75.8%); of note, no polymorphism was detected in the 59 UTR with two copies of the 8 nucleotides. Strains with a D8 accounted for the remainder (64 out of 265, 24.2%; Fig. 3c ), although this deletion was accompanied by two substitutions (TATGCCTAT; altered bases underlined, D8 AT/GC ) in most instances (50 out of 64 isolates, 78.1%). Only a few strains (8 out of 64, 12.5%) had the D8 sequence with no changes, and the single, TATGCTTAT polymorphism (D8 A/G ) was present in the other strains (6 out of 64, 9.4%), whereas TATACCTAT (D8 T/C ) was never detected. We analysed the effect of these polymorphisms in E. coli plasmid reporters (Fig. 3d ), and found that whereas D8 A/G partially restores CssA thermal regulation after deletion of 8 nucleotides, D8 AT/GC re-establishes thermosensing (consistent with its predicted structure and RNA toe-printing; Supplementary Figs 6 and 7) . By contrast, D8 T/C (which was never found) leads to markedly increased CssA expression at all temperatures. Of note, the compensatory polymorphisms occur at similar frequencies in different clonal complexes of the meningococcus, consistent with them arising on several occasions.
The conservation of the wild-type sequence and prevalence of compensatory polymorphisms emphasize the importance of capsule thermoregulation in the meningococcus. Hence, we examined whether other factors involved in immune escape are subject to similar regulation. Of note, expression of factor H binding protein (which recruits the host complement regulator factor H) and Lst (necessary for lipopolysaccharide sialylation 19 ) also increase with increasing temperature (Fig. 3e) , in contrast to proteins not involved in immune escape (such as PorB, Pilin, RmpM and RecA), which are unaffected by temperature ( Fig. 3f ). To define the mechanism of thermosensing of fHbp and Lst, 
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we analysed E. coli plasmids containing these genes and observed thermal regulation (Fig. 4a ). Furthermore, thermoregulation of these proteins in N. meningitidis was independent of 38 transcription factors (Supplementary Fig. 8 ), and thermoregulation of fHbp and Lst was detected in both in vitro transcription/translation assays (with fixed amounts of DNA) and in vitro translation assays (with fixed amounts of RNA; Fig. 4a ), indicating that the 59 UTRs of fHbp and lst contain RNA thermosensors, consistent with secondary RNA structure predictions (Supplementary Fig. 9 ). Temperature therefore acts as a danger signal for the meningococcus, prompting the bacterium to enhance expression mechanisms of immune evasion via three independent thermosensors dedicated to single proteins or pathways. To determine the influence of temperature on meningococcal complement resistance, bacteria were grown at 30 uC then incubated at 30 uC or 37 uC for one hour. Bacteria that had been equilibrated at the increased temperature expressed more CssA, fHbp and Lst (Supplementary Fig. 10 ) and were significantly more resistant against complement than those left at 30 uC (Fig. 4b) , demonstrating that thermal regulation of immune defence mechanisms has a marked effect on bacterial survival in the presence of human complement.
An increase in temperature is a cardinal feature of inflammation, which is associated with extravasation of serum components and recruitment of phagocytes. In these circumstances, increasing expression of factors necessary for immune evasion would provide a considerable adaptive advantage to a microbe in the nasopharynx (Fig. 4c ). Influenza provokes complement activation in the upper airway 3 , a rise in core temperature, and elaborates neuraminidase that could damage the meningococcal capsule 20 . By sensing local inflammation, thermal regulation of immune defence by the meningococcus would allow adaption to changes in the nasopharynx during infection with influenza 4,21 and other respiratory pathogens; microbes unable to sense and protect themselves against inflammatory responses will face elimination from this habitat (Fig. 4c ). Furthermore, thermoregulation by the meningococcus would provide an advantage to bacteria entering the bloodstream, which is at higher temperatures than the nasopharynx 22 . Therefore, traits that are beneficial for bacterial colonization during coinfection and inflammation (such as thermoregulation of immune defence) will, by unfortunate coincidence, promote the virulence of otherwise commensal microbes. 
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METHODS SUMMARY
N. meningitidis and E. coli were grown on brain heart infusion (BHI) broth (Oxoid) and Luria-Bertani (Oxoid) agar, respectively. For liquid growth, bacteria were grown in broth to an absorbance (A) at 600 nm of ,0.4. For human serum sensitivity assays, bacterial strains were grown on BHI agar plates overnight and re-suspended in PBS (Oxoid). Bacteria were diluted in DMEM-glutaMAX medium (Invitrogen), and incubated with different concentrations of normal human sera at 37 uC in presence of 5% CO 2 for 1 h. Protein samples for western blotting were separated on 12% polyacrylamide gels and transferred onto PVDF (polyvinylidene difluoride) membranes (Milipore), which were incubated with primary then secondary antibodies. b-galactosidase assays were performed as described previously using o-nitrophenylb-galactoside (Thermo Scientific Pierce) (4 mg ml 21 ) as the substrate; reactions were stopped by the addition of NaCO 3 . FACS analysis to determine the amount of capsule has been described previously 11 . To determine the effect of temperature on complement sensitivity, bacteria were grown in liquid media to mid-logarithmic phase at 30 uC, then split and incubated at 30 uC or 37 uC for a further 1 h. A total of 1 3 10 6 colony-forming units were incubated with serial dilutions of pooled human immune serum for either 10 or 20 min, and the proportion of bacteria surviving was determined; significant differences were examined with Student's t-test. Total RNA was isolated using the RNAeasy Miniprep kit (Qiagen). Northern blotting was performed on 1.2% agarose, the RNA transferred to Hybond-N 1 membranes (GE Healthcare) and hybridized in Rapid-hyb buffer (GE Healthcare). In vitro transcription/translation was performed with an E. coli S30 Extract system for Linear Templates in vitro transcription/translation kit (Promega) according to the manufacturer's instructions. RNA secondary structures were predicted using the Vienna RNA package (http://www.tbi.univie.ac.at/,ivo/RNA/).
